Restriction mapping and sequencing have shown that humans have substantially lower levels of mitochondrial genome diversity (d> than chimpanzees. In contrast, humans have substantially higher levels of heterozygosity (H> at protein-coding loci, suggesting a higher level of diversity in the nuclear genome. To investigate the discrepancy further, we sequenced a segment of the mitochondrial genome control region (CR) from 49 chimpanzees. The majority of these were from the Pun troglodytes verus subspecies, which was underrepresented in previous studies. We also estimated the average heterozygosity at 60 short tandem repeat (STR) loci in both species. For a total sample of 115 chimpanzees, d = 0.075 2 0.037, compared to 0.020 + 0.011 for a sample of 1,554 humans. The heterozygosity of human STR loci is significantly higher than that of chimpanzees. Thus, the higher level of nuclear genome diversity relative to mitochondrial genome diversity in humans is not restricted to protein-coding loci. It seems that humans, not chimpanzees, have an unusual d/H ratio, since the ratio in chimpanzees is similar to that in other catarrhines. This discrepancy in the relative levels of nuclear and mitochondrial genome diversity in the two species cannot be explained by differences in mutation rate. However, it may result from a combination of factors such as a difference in the extent of sex ratio disparity, the greater effect of population subdivision on mitochondrial than on nuclear genome diversity, a difference in the relative levels of male and female migration among subpopulations, diversifying selection acting to increase variation in the nuclear genome, and/or directional selection acting to reduce variation in the mitochondrial genome.
Introduction

Comparisons
of genetic diversity between closely related species can contribute importantly to a number of issues in population genetics and evolution. Such comparisons have played a role in understanding aspects of genome evolution, including the evolutionary dynamics of transposable elements (Dowsett and Young 1982) and the evolutionary patterns and dynamics of short tandem repeat (STR) loci . They have also been important sources of evidence for the action of natural selection. Balancing selection has been indicated by polymorphism maintained between species (Mayer et al. 1992) , and discrepancies in levels of diversity within and between species have been interpreted as indicating various forms of natural selection (McDonald and Kreitman 199 1; Ballard and Kreitman 1994; Nachman et al. 1996) .
In this context, the increasing wealth of information about different kinds of genetic diversity in humans (Homo sapiens) provides a valuable basis for comparison with related species, particularly with chimpanzees (Pan troglodytes and P. paniscus). Understandably, the investigation of genetic diversity in chimpanzees has not been as comprehensive as in humans. Most intensively investigated have been electrophoretically detectable protein polymorphisms (King and Wilson 1975; Bruce and Ayala 1979) and mitochondrial genome variation (Ferris et al. 1981; Morin et al. 1994 ).
The results have suggested a discrepancy between the relative levels of mitochondrial and nuclear genome diversity in humans and chimpanzees (Wilson et al. 1985) . Chimpanzees appear to have more mitochondrial genome diversity, whereas humans have more nuclear genome diversity.
The ratio of gene diversities in mitochondrial and nuclear genomes, d/H, is approximately N&2N,v, where N, is the effective population size, Nf is the number of breeding females, F is the mutation rate for the mitochondrial genome, and v is the mutation rate of genes in the nuclear genome (Birky, Maruyama, and Fuerst 1983) . This ratio assumes selective neutrality and depends on sex ratio, population structure, and mutation rates. Thus, if there is a discrepancy in the ratio between two species, it is of considerable interest, as it implies a difference in some aspect of their evolutionary dynamics.
Here we further examine levels of mitochondrial and nuclear genome diversity in humans and chimpanzees. We extend the number of described P. troglodytes mitochondrial control region (CR) sequences to include a better representation of the subspecies P. t. verus, and we determine levels of variation at STR loci. By investigating this type of nuclear genome variation, which is very different from the protein variation previously studied, we can determine whether the results indicated by the protein variation can be generalized to the nuclear genome.
Materials and Methods
Samples
The 49 chimpanzee blood samples used for mitochondrial CR sequencing and the samples used for eight of the STR loci (table 1) were obtained from animals held under long-term observation in one of several pri- Hudson et al. (1992) ; c, Lu et al. (1993) ; d, Fougerousse et al. (1992) ; e, Edwards et al. (1992) ; f, Polymeropoulos et al. (1991) ; and g, This study-previously uncharacterized short tandem repeat loci. BGOl is a dinucleotide repeat (TG),, which starts at position 1479 of the human and chimpanzee B-globin genomic sequence (Savatier et al. 1985) . EGO1 is a tetranucleotide repeat (GTAT),, which starts at position 2939 of the human and chimpanzee +n-globin genomic sequence (Miyamoto, Slightom, and Goodman 1987) . mate colonies at the Laboratory of Slow, Latent and Temperate Virus Infection of the National Institute of Health (NIH). They were supplied by Drs. D. C. Gajdusek and C. J. Gibbs Jr. All individuals were drawn from a larger sample of 102 individuals, the majority of which were wild-caught (Board, Gibbs, and Gajdusek 1981) . The exact sources of all these animals are not known. However, almost all appear to belong to the west African subspecies P. t. verus (see Results and Discussion) . Chimpanzee samples used for analysis of an additional 27 STR loci were from animals wild-caught in Sierra Leone and thus also from the P. t. verus subspecies (Slierendregt et al. 1993; . These animals appear, from their MHC haplotype heterogeneity, to be relatively outbred. The human blood samples were from a variety of sources.
Mitochondrial
Control Region Sequencing Polymerase chain reaction (PCR) amplification of the mitochondrial CR was performed in two stages. A 1,309-bp product encompassing the entire CR was generated using primers L 15926 (5 '-TACACCAGTCTT-GTAAACC-3') and H629 (5'-TGTTTATGGGG-TGATGTGA-3').
This product was used as the template for subsequent amplification using the nested primers L15997 (Ward et al. 1991) and H16401 (Vigilant et al. 1989) . In each PCR reaction, one primer was biotinylated and the other was incorporated with an Ml3 sequencing primer. For each individual, both H (heavy) and L (light) strands were sequenced on an ABI Model 373A Automated DNA Sequencer.
The 49 chimpanzee mitochondrial CR sequences reported here have been deposited in the DDBJ/EMBL/ GenBank International Nucleotide Sequence Database under accession numbers U84293-U8434
1.
STR Genotyping
The procedures used to analyze 27 STR loci in chimpanzees were as described previously . Eight additional loci were analyzed (table l), including five tetranucleotide repeats and one 31-34-bp repeat originally characterized in humans, and one tetra-and one dinucleotide repeat that had not previously been characterized in either species.
Data Analysis
Consensus sequences for each individual were obtained by aligning forward-and reverse-complement sequences in the SeqEd@@ 675 DNA Sequence Editor (ABI) program. Chimpanzee sequences from published sources were also used in the comparative analyses. Three sequences were obtained from Kocher and Wilson (1991) , and 63 were obtained from the DDBJ/EMBL/ GenBank International Nucleotide Sequence Database (published in Morin et al. 1994 ) through the Australian National Genomic Information Service (ANGIS). Sequence alignment was performed manually using Genetic Data Environment (GDE) 2.2 (Smith et al. 1994 ). The alignment can be obtained from: http:// jcsmr.anu.edu.au/dmm/humgen.html.
The numbers of variable sites in the CR sequences and the numbers of differences between sequence pairs were counted. Between-sequence distances were computed using Kimura's (1980) two-parameter method, with a transition/transversion ratio of nine estimated directly from the sequence data. Distances were also estimated using Tamura and Nei's ( 1993) method, assuming a I' distribution with cx = 0.5 (Wakeley 1993) , as implemented in MEGA 1.0 (Kumar, Tamura, and Nei 1993) . Alignment gaps and sites with missing information were ignored. The mean of the pairwise distances (d> was estimated, and the standard deviation of this . , estimate was calculated using equation (30) of Tajima (1983) . The frequency distributions of the distances were displayed as histograms (mismatch distributions), as proposed by Rogers and Harpendiug (1992) . .
The phylogeny of the P. troglodytes CR sequences was estimated using the neighbor-jdining (NJ) .method (Saitou and Nei 1987) as implemented in PHYLIP 3.5~ (Felsenstein 1993) , with a P. paniscus sequence (Foran, Hixson, and Brown 1988) as the outgroup. The programs SEQBOOT, DNADIST, NEIGHBOR, and CON-SENSE were used with 1,000 replicates, based on both Kimura two-parameter and Tamura-Nei r distances, with a randomized input order.
The average heterozygosity (H) across all STR loci was estimated, and the standard error of H was obtained, as described by Nei and Roychoudhury (1974a) .
Results and Discussion
Mitochondrial Genome Sequence Diversity quences with three sequences reported elsewhere (Kocher and Wilson 1991) . The sites that vary among these sequences are shown in figure 1. There were 31 distinctive sequence types defined by 94 variable sites, including four indels ( fig. 1 ). Nine sequence types were shared among two to six individuals, while the remaining 22 sequence types were observed only once. At two sites (16078 and 16166), all chimpanzee individuals lacked the A residue present in the human reference sequence (Anderson et al. 1981) . Most differences between the sequences (89.7%) result from transition-type mutations. Moreover, transitions between pyrimidines (72.6%) occurred much more frequently than those between purines, probably reflecting the low G content in the L-strand of the mitochondrial genome. In this respect, the variation is similar to that of other published chimpanzee sequences (Morin et al. 1994) and to that of humans (Vigilant et al. 1989; Horai and Hayasaka 1990; Horai et al. 1993) . We determined the nucleotide sequence of a 377-bp A 345-bp segment of the noncoding CR has presegment of the noncoding CR (positions 16024 to 16400 viously been sequenced for 63 chimpanzee individuals in the reference sequence of Anderson et al. [ 19811) for (Morin et al. 1994) , the majority of which were of 49 chimpanzee individuals. We compared these seknown geographic origin. With the addition of the pres- A ent 52 sequences, the CR sequences from 115 chimpanzees were aligned and compared, and the number of nucleotide differences per site between each pair of sequences was estimated. The mean nucleotide distance (d> between all pairs of the 115 sequences was estimated as 0.075, 0.083, and 0.103 using a simple proportional distance, Kimura's (1980) two-parameter distance, and Tamura and Nei's (1993) r distance methods, respectively. The respective maximum distances are 0.139, 0.163, and 0.227. 1 Morin et al. (1994) found that chimpanzee CR sequences cluster into three distinct subspecies clades. The bootstrapped NJ tree presented in figure 2 implies that the majority of the sequences in the present study are from the west African subspecies P. troglodytes vcrus, as they cluster with the sequences from this subspecies reported by Morin et al. (1994) . Two sequences appear to be derived from the central African subspecies P. t. troglodytes (A-60 and A-175 in fig. 2 ), and five sequences cannot be ascribed to any of the three subspecies (A-172, A-192, A-197, A-281, and A-176 in fig.  2 ). However, analysis of the data using a transversion network approach (H.-J. Bandelt, personal communication) indicates that A-172, A-192, A-197, and A-28 1 are 2 from the west African subspecies P. t. verus, and A-176 is from the east African subspecies P. t. schweinfurthii.
The pairwise nucleotide differences between sequences in each of the three subspecies ( fig. 3) are significantly different from the Poisson distributions predicted for the observed mean values using a chi-square test (P < 0.001). The distributions for P. t. verus and P. t. troglodytes are clearly multimodal ( fig. 3A and B) , a pattern consistent with stable populations (Slatkin and Hudson 199 1; Rogers and Harpending 1992) . The P. t. schweinfurthii distribution is approximately unimodal ( fig. 3C ), which Rogers and Jorde (1995) have interpreted as indicating that this subspecies has experienced a recent population expansion. The uncorrected mean (0.022 5 0.012) and maximum (0.043) pairwise differences in P. t. schweinfurthii are lower than in P. t. verus and P. t. troglodytes (means: 0.051 + 0.025 and 0.040 + 0.021, respectively; maxima: 0.093 and 0.091, respectively).
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The mean and maximum pairwise differences in a diverse sample of 1,554 humans are 0.020 + 0.011 and 0.067, respectively.
In a sample of 389 Africans, who contain the most divergent of the human mtDNA lineages (Cann, Stoneking, and Wilson 1987; Vigilant et al. 1989 Vigilant et al. , 1991 Horai et al. 1993) , they are 0.025 L 0.013 and 0.062, respectively (Watson 1996, pp. 90-91 (Morin et al. 1994) , the group. Samples from this study have the prefix "A"; samples taken three distinct clades (1 to 3) correspond respectively to the three subfrom Kocher and Wilson (1991) are C 1 to C3; and samples taken from species P. t. schweinfurthii, P. t. troglodytes, and P. t. verus. The Morin et al. (1994) are named according to that study. The phylogemajority of the samples in the present study appear to be from the west netic tree was constructed using the neighbor-joining method (Saitou African subspecies P. t. verus, as they fall within clade 3. Number of nucleotide substitutions Thus, the nucleotide distances within chimpanzee subspecies are the same as or greater than the distances within the entire human species, and the overall distances in chimpanzees are substantially greater than in humans. This is consistent with the greater levels of variation observed in earlier restriction mapping studies of the mitochondrial genomes of various ape species (Ferris et al. 198 1) . Rogers and Jorde (1995) have also suggested that chimpanzee mitochondrial diversity exceeds that of humans by nearly an order of magnitude.
Nuclear Genome Diversity
We compared levels of heterozygosity in humans and chimpanzees at 35 STR loci analyzed in the present study and 33 loci for which variation in the two species had been described elsewhere (table 2). The heterozygosity of human STR loci is significantly higher than that of chimpanzees using the nonparametric Wilcoxon's signed-ranks test (z = -2.99, P < 0.005; Seigel 1956, pp. 75-83) .
All but two of the loci analyzed were already known to be polymorphic in humans. The possibility of ascertainment bias resulting in the relative overestimation of heterozygosity in humans must therefore be considered. Although bias in heterozygosity estimates cannot be completely ruled out, there are two reasons why it is unlikely. First, the mean and the range of heterozygosities for the analyzed loci are similar in humans to those found in a sample of randomly selected loci (Hudson et al. 1992 ). Thus, they do not appear to be biased in favor of loci with high heterozygosity.
Second, ascertainment bias will only result in a pronounced estimate bias ,when heterozygosity in the source species is less than approximately 0.4; the bias is negligible when heterozygosity exceeds approximately 0.5 (Rogers and Jorde 1996) . Thus, the tandem repeat loci we analyzed that are polymorphic in both humans and chimpanzees should be essentially free of the effect of ascertainment bias because of their high heterozygosities in humans. Bias may still occur, however, if loci are selected that are highly polymorphic in humans but essentially monomorphic in chimpanzees because of base substitutions that interfere with the generation of repeat-length polymorphism (Crouau-Roy et al. 1996) . To avoid such bias, we excluded from analysis the eight loci that were highly polymorphic in humans but monomorphic, or nearly monomorphic, in chimpanzees. The higher level of diversity at STR loci in humans is consistent with data from other kinds of loci. Chimpanzees also have fewer polymorphic red cell enzyme and serum protein loci, and only 0.1-0.2 of the average heterozygosity (H> found at these loci in humans (King and Wilson 1975; Bruce and Ayala 1979) . There is a possibility of ascertainment bias in these comparisons since loci may have been selected for analysis because they are polymorphic in humans. However, Harris and Hopkinson (1972) obtained an estimate of H = 0.072 in Europeans for 26 enzyme-coding loci chosen without any prior knowledge of polymorphism.
This was very similar to the estimate of 0.065 obtained for 45 other enzyme-coding loci from data compiled from the literature, indicating that, at least for enzyme-coding loci, the heterozygosity estimates in humans are not biased. In later studies (Nei and Roychoudhury 1974b, 1982) , H was estimated as 0.10-0.14, the difference being attributed to the inclusion of non-enzyme-coding loci in the latter studies, which are generally more polymorphic than enzyme-coding loci. The H values obtained for chimpanzees include data on non-enzyme-coding loci; thus, the human values that are appropriate for comparison with chimpanzees are 0.10-0.14, reported by Nei and Roychoudhury (1974b, 1982) . However, the more conservative estimate of 0.067 (Harris and Hopkinson 1972) is also substantially greater than the range of estimates (0.01-0.02) for chimpanzees (King and Wilson 1975; Bruce and Ayala 1979) .
In addition, of five minisatellite loci compared between humans and chimpanzees (Ely et al. 1992 ), three were polymorphic in both species, with average heterozygosities of 0.72 and 0.61 in humans and chimpanzees, respectively.
There are also indications of lower levels of variation in chimpanzees at other minisatellite loci (Wolff et al. 1991 ) and at Major Histocompatibility NOTE.-+, number of chromosomes examined. If two related individuals shared one allele at a locus, one copy was excluded, causing allele frequencies (and thereby the expected heterozygosity) to be based on an odd number of chromosomes (J. C. Garza, personal communication) .
The heterozygosity of each locus is weighted according to sample size (Nei and Roychoudhury 1974a ). a Data from Deka et al. (1994) . b Data excluded from analysis because of negligible variation in chimpanzees despite high heterozygosity in humans.
c Data from Pascal1 et al. (1994) and references therein. d Data from Garza, Slatkin, and Freimer (1995) . e Data from Crouau-Roy et al. (1996) . f Only chimpanzees analyzed in the present study. Data sources for humans are as in table 1 and .
g Both humans and chimpanzees analyzed in the present study.
Complex (Mhc) loci (Kenter et al. 1992; Ayala and Escalante 1996) .
Discrepancies of MitochondrialLNuclear Genome Diversity Ratios
The consistency of STR and other kinds of loci in showing a higher level of nuclear genome diversity in humans than in chimpanzees implies that the nuclear genome as a whole is more variable in humans. In contrast, the mitochondrial genome is less variable in humans than in chimpanzees.
However, our finding of a discrepancy between the levels of mitochondrial and nuclear genome diversity in humans and chimpanzees is based on samples that were collected rather differently in the two species. The possibility that the result is a sampling artifact needs to be considered.
The microsatellite diversity was estimated largely from samples of European humans and west African chimpanzees, although in both species individuals from other geographical areas were analyzed for some loci. European humans do not appear to have higher levels of microsatellite diversity than humans from other regions Richards et al. 1996) . It is possible that west African chimpanzees have lower levels of nuclear genome diversity than chimpanzees from other regions (although they do not have lower levels of mitochondrial genome diversity). We have discussed above how the mitochondrial diversity is lower in humans regardless of whether comparisons are made between samples collected from one geographical region in both species (e.g., west Africa in chimpanzees and Africa in humans), or across the geographical range of both species. Thus, this difference does not appear to be a sampling artifact.
The discrepancy could be a consequence of one or more factors that differ between humans and chimpanzees. To investigate this further, it would be useful to know if either one of the species has an unusual d/H ratio. We compared the levels of nuclear and mitochondrial genome diversity in humans and chimpanzees with those in six other catarrhine taxa (table 3) . Nuclear genome diversity was estimated as H for protein-coding loci. Mitochondrial genome diversity was estimated as either dl, the mean pairwise distance between CR sequences, or, in the cases where CR sequence data were not available, d2, the mean pairwise distances of the entire mitochondrial genome based on restriction maps. The human dl/H and d,/H ratios are both substantially less than those of all other species. In contrast, the chimpanzee ratios are similar to those of the other nonhuman species. The discrepancy thus appears to be a result of an unusually low d/H ratio in humans rather than an unusually high ratio in chimpanzees.
Our estimate of the difference in d/H ratio between humans and chimpanzees is conservative.
European humans have unusually low levels of mitochondrial genome diversity (d = 0.013 + 0.007; Watson 1996, p. 90) , so by restricting the nuclear genome comparison to a largely European human sample but extending the mitochondrial genome comparison to include individuals from other regions, we may have underestimated the extent of the difference in d/H ratios between the species. If the comparison were restricted largely to European humans (dl/H = 0.19) and west African chimpanzees (dl/H = 2.43), the discrepancy in the ratios between these representative groups of the two species would be 12%fold, compared to 11.9-fold (table 3) .
It should be noted that some previous studies (Hammer 1995; Nei 1995) have concluded that in humans d and H give consistent estimates of effective population size, implying that the d/H ratio in humans is not unusual. These conclusions, however, are based on mutation rate estimates that may not be accurate. A low human d/H ratio could result from an unusual mutation rate, either an unusually high nuclear genome mutation rate or an unusually low mitochondrial genome mutation rate. Mutation rate differences, how- NoTE.--~,, mean pairwise distances based on nucleotide sequences from an approximately 300-to 400-bp segment of the mitochondrial control region. Distances were computed using an uncorrected proportional distance, and their standard deviations were calculated using equation (30) of Tajima (1983) . The standard deviation estimates include both sampling and stochastic variance. dZ, mean pairwise distances based on restriction maps of the entire mitochondrial genome. H, average heterozygosity for protein-coding loci weighted according to sample size (Nei and Roychoudhury 1974~) . H is estimated in all species except humans using data on both enzyme-coding and non-enzyme-coding loci. The human estimate is based only on the less variable enzyme-coding loci since this estimate appears not to be biased by inclusion of a disproportionate number of polymorphic loci (Harris and Hopkinson 1972) . The estimate is conservative, and inclusion of data for non-enzyme-coding loci gives human H estimates in the range 0.10 to 0.14 (Nei and Roychoudhury 19746, 1982) . a 1,554 worldwide humans (Watson 1996, p. 91) . b Data combined from the present study and Morin et al. (1994) . c Gamer and Ryder (1996) . d Cann, Stoneking, and Wilson (1987) . e Ferris et al. (1981) . f Hayasaka et al. (1986) . s Harihara et al. (1988) . h Harris and Hopkinson (1972) .
I King and Wilson (1975) . Bruce and Ayala (1979) k Nozawa et al. (1982) .
I Nei and Graur (1984) .
ever, would result in substitution rate differences in the human lineage compared with the chimpanzee lineage, and no such differences are apparent (Sibley and Ahlquist 1987; Horai et al. 1992; Easteal, Collet, and Betty 1995, pp. 49-61) . It has been suggested that microsatellite mutation rates are higher in humans than in chimpanzees , possibly related to differences in allele length . However, differences in both allele length and mutation rate have been questioned by Ellegren, Primmer, and Sheldon (1995) , who suggest that the apparent allele length difference may be due to ascertainment bias. This issue has yet to be resolved.
Evidence for a mutation rate difference is based on discrepancies of the estimated and expected genetic distances between humans and chimpanzees and between two human groups (Europeans and sub-Saharan Africans). No estimate was made of divergence within chimpanzees. The validity of the suggested mutation rate difference depends on many factors, including the extent of divergence within chimpanzees, the relationship between genetic distance and separation time over a period of several million years, the stochastic error in the estimate of genetic distance, the assumed divergence time of humans and chimpanzees, and the assumed divergence time of sub-Saharan Africans and Europeans. Although the possibility of differences in mutation rates cannot be excluded, further investigation is needed before it is clearly demonstrated.
Other factors that could explain the low human d/ H ratio include: (1) A relatively higher ratio of males to females in humans& depends only on the effective number of females, while H depends on the effective number of both males and females (Birky, Maruyama, and Fuerst 1983) . (2) Less population subdivision in humans-population subdivision tends to increase diversity, and the effect on the mitochondrial genome is greater than on the nuclear genome (Birky, Fuerst, and Maruyama 1989) . (3) A relatively higher rate of female than of male migration among subpopulations in humans (i.e., relatively less female subdivision and relatively more male subdivision).
This will tend to reduce d relative to H (Birky, Fuerst, and Maruyama 1989) . (4) Diversifying selection acting to increase variation in the human nuclear genome. (5) Directional selection acting to reduce variation in the human mitochondrial genome. The significance of the results presented here is that they establish the generality of the discrepancy, and they contribute further to its quantification.
This provides the basis for a detailed investigation of the possible ways in which these factors might have interacted to produce the discrepancy. This will have important implications with respect to the dynamics of human evolution.
